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Binder-free macroscopic single-walled carbon nanotube (SWCNT) solids were
prepared by spark plasma sintering (SPS) of purified SWCNTs. The effects of
processing temperatures and pressures on the mechanical properties of the SWCNT
solids and structural change of SWCNTs in the SWCNT solids were investigated.
Transmission electron microscope observation of the SWCNT solids revealed that
the high-temperature treatment has transformed some part of the SWCNTs into
amorphous-like structure and the rest of the SWCNTs remained buried into the above
structure. The mechanical properties of the SWCNT solids increased with the
increasing processing temperature, probably reflecting the improvement of interfacial
strength between SWCNTs and disordered structure of carbon due to the spark plasma
generated in the SPS process.
I. INTRODUCTION
The predicted extraordinary mechanical, thermal, and
electrical properties of single-walled carbon nanotubes
(SWCNTs) have prompted intense research into a wide
range of applications in structural materials, electronics,
chemical processing, and energy management.1 In par-
ticular, the exceptional mechanical properties of this ma-
terial, along with the high aspect ratio, offer great poten-
tial and an alternative for traditional fibrous materials
used as reinforcing components for ultrastrong compos-
ite materials. However, the production of SWCNT-
reinforced composites with unprecedented mechanical
properties is yet to be realized,2–7 as the critical chal-
lenges lie in uniformly dispersing the SWCNTs in com-
posites, achieving nanotube-matrix cohesion that pro-
vides effective stress transfer, and avoiding intra-bundle
sliding within SWCNT bundles. In addition, we believe
that, to take full advantage of the intrinsic physical and
mechanical properties of SWCNTs, it is necessary to
produce solid structures composed entirely of SWCNTs.
Recently, a number of attempts to form such macro-
scopic products have been reported.8–11 Sreekumar et al.
produced SWCNT films composed entirely of SWCNTs
and examined their mechanical properties by employing
the tensile tests. The elastic modulus and fracture
strength of the films with a density of 0.9 Mg/m3 were 8
GPa and 30 MPa, respectively.10 However, the strength-
ening mechanism for the observed mechanical properties
and the contribution of the SWCNTs to the mechanical
properties of the solid structures was not clearly estab-
lished. In our previous study, we succeeded in preparing
binder-free macroscopic SWCNT solids by using a spark
plasma sintering (SPS) method and a hot-pressing
method and investigated the mechanical properties and
microstructures.12 The SWCNT solids exhibited a non-
linear deformation response with elastic modulus of
about 6.0 GPa and fracture strength of about 23.8 MPa.
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Transmission electron microscope (TEM) observation
suggested that the failure occurred via intra-bundle slid-
ing due to the weak cohesive bonds between SWCNTs
within and between the bundles. A similar weak bond has
been observed in macroscopic structures composed of
SWCNTs.2–7 As a consequence, a number of attempts to
introduce stable links between SWCNTs have been re-
cently reported.13,14 Kis and co-workers successfully in-
troduced stable links between neighboring SWCNTs
within bundles, using moderate electron-beam irradiation
inside a transmission electron microscope.14 The irradi-
ated bundles showed a substantial increase in elastic
modulus. However, the electron-beam technique is im-
practical when it comes to the production of macroscopic
solid structures. We believe that similar improvement of
macrostructures can be realized by treating purified
SWCNTs using SPS. The SPS technique is a pressure-
assisted fast sintering method based on high-temperature
plasma momentarily generated in the gaps between pow-
der materials by electrical discharge during on–off direct
current pulsing, which causes localized high tempera-
tures. It has been suggested that the direct current pulse
could generate several effects such as spark plasma,
spark impact, Joule heating, and an electrical field diffu-
sion.15 These effects associated with the SPS technique
may be helpful in formin stable links between SWCNTs
within and between the bundles, and an enhancement in
the mechanical properties of binder-free SWCNT solids
may be expected. In this investigation, the effects of
processing temperatures and pressures on the mechanical
properties of the SWCNT solids prepared by the SPS
method and structural change of SWCNTs in the
SWCNT solids were further investigated, based on our
previous study.12
II. EXPERIMENTAL
The preparation of the highly pure SWCNTs was car-
ried out using a technique described elsewhere.12,16 The
purified SWCNTs used in this study were prepared by
subjecting the soot synthesized by an arc discharge
method to heat treatment under an oxidizing atmosphere
and chemical treatment in hydrochloric acid. The diam-
eter and bundle length of purified SWCNTs estimated
from Raman scattering measurements17 and scanning
electron microscopy (SEM) ranged between 1.33 and
1.52 nm and 1.5 and 22.0 m, respectively.
The binder-free SWCNT solids were prepared by sin-
tering the purified SWCNTs at temperatures of 1000,
1200, and 1400 °C under a pressure of 120 MPa in
vacuum for 5 min in a 20-mm-diameter graphite die. The
binder-free SWCNT solids prepared in this study are
demonstrated in Fig. 1. The disk-shaped specimen meas-
uring 20 mm in diameter and 1.5 mm in thickness was
cut using a silicon carbide saw and polished into 2 × 1 ×
18 mm pieces. The mechanical properties of the solids,
the elastic modulus, and the fracture strength were de-
termined by the three-point bending tests, which were
performed on a universal testing machine (Instron 5582,
Instron Corporation, Norwood, MA) in atmospheric con-
ditions at room temperature. The application of load was
performed at a crosshead speed of 0.05 mm/min. The
elastic modulus Eb and fracture strength b were deter-
mined from load versus load-line displacement records
using the simple beam theory. The initial slope of the
load versus load-line displacement curves was used to
compute the elastic modulus. For each processing con-
dition, three specimens were tested, and the averaged
results are presented below.
III. RESULTS AND DISCUSSION
Typical TEM (Hitachi HF-2000, Tokyo, Japan) im-
ages of the fracture surfaces are shown in Figs. 2(a) and
2(b) for the solids prepared at 1000 and 1400 °C, respec-
tively. The TEM image of the solid prepared at 1000 °C
shows numerous smooth surfaced bundles [Fig. 2(a)].
However in the case of 1400 °C, the number of SWCNT
bundles present was found to be lesser, and at the same
time the presence of disordered structure of carbon was
also observed. Detailed TEM observation suggested that
the high-temperature treatment transformed some part of
the SWCNTs into disordered structure of carbon, and the
rest of the SWCNTs remained buried into the above
structure [Fig. 2(b)]. Because of their metastable charac-
ter, SWCNTs may transform into more stable structure
under the high-temperature conditions.
Thus, we used Raman spectroscopy (Jobin-Yvon
T64000, Kyoto, Japan) and x-ray diffractometry (XRD;
Mac Science M21X, Ibaragi, Japan) to analyze the dis-
ordered structure of carbon present in the solids. In the
Raman analysis, it is well known that the ratio of the
FIG. 1. Binder-free SWCNTs solids prepared by SPS; two disk-
shaped specimens have diameters of 10 and 20 mm and thickness of
about 1.5 mm.
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peak intensities at about 1350 cm−1 (D-band, ID) and
1590 cm−1 (G-band, IG) is a good index to evaluate the
abundance of SWCNTs in the sample.18,19 Thus, we pre-
pared SWCNT solids under pressures of 40 and 120 MPa
by using mechanical compaction at room temperature
and SPS at temperatures between 600 and 1400 °C. Fig-
ure 3(a) shows Raman intensity ratio (IG/ID) for the sol-
ids prepared under various processing conditions. Here,
the IG/ID was normalized using the results of solids con-
solidated by mechanical compaction under a pressure of
120 MPa. It should be mentioned here that the general
feature of the Raman profile obtained in this study is very
similar to that observed for the SWCNTs, as purified.
The Raman and XRD profiles of the SWCNTs purified
using the same method as that of this study have been
reported in our previous study.16 The reader is referred to
the literature for the Raman and XRD profiles of the
purified SWCNTs. As shown in Fig. 3(a), the IG/ID of
solids prepared by mechanical compaction at room
temperature was independent of the applied pressure.
However, in the case of the solids prepared by SPS, the
IG/ID gradually decreased with increasing temperature
and pressure, suggesting the transformation of SWCNTs
in the solids. This is may be attributable to an increase in
defect concentration on the SWCNTs structure caused
during the SPS process, which may lead to the formation
of disordered structure of carbon in stringent conditions.
However, the Raman analysis provides no information
about the structure of the solids prepared by SPS. Thus,
we also carried out the XRD analysis of the solids pre-
pared under the various conditions.
The XRD profiles exhibited the peaks corresponding
to the reflections from (002) and (004) planes of graphite
in all the solids. Figure 3(b) shows normalized value of
the (002) reflection obtained from the XRD patterns for
the solids. Here, the measurements were normalized
FIG. 2. Typical TEM images of the fracture surfaces for the SWCNT
solids prepared by SPS at temperatures of (a) 1000 °C and (b) 1400 °C. FIG. 3. (a) Raman intensity ratio IG/ID and (b) normalized intensity
(002) for the SWCNT solids prepared by SPS under various proc-
essing conditions.
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using the results of solids consolidated by mechanical
compaction under a pressure of 40 MPa. The intensity for
the solids prepared by mechanical compaction at room
temperature was independent of the applied pressure, just
like data obtained from the Raman analysis. However, in
the case of the solids prepared by SPS, the intensity
increased steadily with the increase in processing tem-
peratures and pressures. The above XRD results, in con-
junction with the TEM and Raman data, suggest that the
SWCNTs were transformed into graphite-like and amor-
phous-like structures during the SPS process. Additional
evidence for the structural changes in the SWCNT solids
may be gained from further examination of the XRD
result. The XRD results on the SWCNT solids were ana-
lyzed using the experimental data in the low-frequency
regions (scanning angle of 2 was 5–26°), referring to the
literature.20 Plotting the XRD intensity against scattering
vector Q revealed that a well-defined peak existed at
Q  0.42 Å, and weaker peaks, up to 1.8 Å. These
low-frequency scattering peaks indicate the existence of
a two-dimensional lattice of SWCNTs organized in
bundles.20 The average transverse size of the SWCNT
bundles, which was calculated from a full width at half-
maximum (FWHM) of the peak at Q  0.42 Å, de-
creased with the increasing processing temperatures and
pressures. At the same time, the intensity of the peak at
Q  0.42 Å decreased with the increasing processing
temperatures and pressures. These results may also sup-
port the transformation of the SWCNTs in the SPS proc-
ess. The rise in the concentration of the graphite-like and
amorphous-like materials in the solids may lead to the
change in their physical and mechanical properties.
The theoretical density of individual SWCNTs has
been calculated to be 1.36 Mg/m3, assuming the diameter
of the SWCNTs to be 1.3 nm, and the distance between
neighboring SWCNTs is determined by the van der
Waals interaction.21 The measurements of the solids con-
solidated by mechanical compaction under a pressure of
120 MPa was 1.04 Mg/m3. On the other hand, the den-
sities of the solids prepared by using SPS have been
found to be larger than the ones prepared by mechanical
compaction. The measurement of the solids prepared at
600 °C was 1.35 Mg/m3 and almost equal to the theo-
retical density, and the value of the solids prepared at
1400 °C was 1.46 Mg/m3. In general, true density of
porous solids, such as pycnometry data, provides higher
value than bulk density. Thus, the bulk density data de-
scribed above suggest that the rise in the density of the
solids with treatment temperature may be due to the
structural change of SWCNTs into the graphite-like and
amorphous-like structures.
Figure 4 gives typical load versus load-line displace-
ment curves of the solids determined by three-point
bending tests. In all the specimens, a nonlinear deforma-
tion response was observed up to the peak load, and a
relatively rapid crack extension took place just after the
peak load followed by a long tail. Therefore, the SWCNT
solids may be categorized as a quasi-brittle material. The
deformation response of macroscopic structures com-
posed of SWCNTs have exhibited brittle nature,5,7,10 al-
though post-peak behavior is observed for binder-free
SWCNT solids. This type of unusual deformation re-
sponse was believed due to the presence of bundle struc-
tures. The processing conditions and the mechanical
properties of the solids determined by the three-point
bending tests are summarized in Table I. Mechanical
measurements revealed that the mechanical properties of
the solids were dependent on the processing temperature.
The reason for the improvement of the mechanical prop-
erties may be due to the effective prevention of slide
deformation between the bundles, through the formation
of stable links between SWCNTs. However, the me-
chanical properties of the solids are inferior than those of
individual SWCNTs.22,23
We now discuss the correspondence between the me-
chanical property and microstructure of the SWCNT sol-
ids using TEM observation, shown in Figs. 2(a) and 2(b).
From the fracture surface of the solids prepared at
1000 °C, the following features can be noted. First, nu-
merous bundles protruded from the fracture surface. The
FIG. 4. Typical load versus load-line displacement curves of the
SWCNT solids, which show the quasi-brittle nature.
TABLE I. Processing conditions and mechanical properties for the
SWCNT solids prepared by spark plasma sintering.
Processing conditions
Elastic modulus Eb
(GPa)
Fracture strength b
(MPa)
1000 °C, 120 MPa 6.04 23.8
1200 °C, 120 MPa 7.06 50.1
1400 °C, 120 MPa 8.30 52.4
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diameter of “pullout” bundles gradually decreased to-
ward their tip, which was generally about 3 m long, and
in some cases it was 8 m or longer. In addition, numer-
ous curved and stretched SWCNT bundles that bridged
the 3-m-wide cracks were observed through the SEM
data. This curving and stretching reflected the high flex-
ibility of the SWCNT bundles, which may be the cause
of the post-peak behavior observed in Fig. 4. The bundles
may have been pulled out during the deformation and
fracture of the solids. Second, TEM observations showed
that the pulled out bundles consisted of about 10–30
nanotubes, and no breakage of SWCNTs in the bundles
was observed. These observations revealed that the fail-
ure occurred via inter-bundles slippage rather than the
failure of the SWCNTs themselves, suggesting that the
detachment between SWCNTs within and between the
bundles is a very decisive factor in the fracture process of
the solids. However, when the processing temperature
was further increased, the pulled out region was observed
to decrease. As seen in Fig. 2(b), only a limited extent of
pullout is observed in the solid prepared at 1400 °C. The
pullout length of the bundles was obviously shorter, and
the number of SWCNT bundles present was less than
that of the solids prepared at 1000 °C. It is noted that
SWCNT bundles are embedded in the amorphous-like
structure, which is transformed from SWCNTs. The
tighter links between the SWCNTs and amorphous-like
structure may cause the improved mechanical properties
that occur when the materials are prepared at higher proc-
essing temperatures.
IV. CONCLUSIONS
In summary, we have demonstrated the preparation of
binder-free SWCNT solids with elastic modulus and
fracture strength of 8.3 GPa and 52.4 MPa, respectively,
by using the SPS technique. The experimental observa-
tion revealed that the high-temperature treatment trans-
formed some part of the SWCNTs into amorphous-like
structure, and the rest of the SWCNTs remained buried in
that structure. The mechanical properties of the SWCNT
solids increased with increasing processing temperature,
probably reflecting the improvement of interfacial
strength between SWCNTs and amorphous-like structure
transformed from SWCNTs caused by the spark plasma
generated in the SPS process. The results of this study
may open up a new route for the large-scale production
of binder-free macroscopic SWCNT solid structures.
Further research is currently underway to examine the
influence of nanotube types, purity, and anisotropy on
the mechanical and electrical properties binder-free
SWCNT solids. The binder-free SWCNT solids could
also be applied to biomaterials such as artificial heart
valves and tooth roots.24
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